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Wγ production in vector boson fusion at NLO in QCD
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The next-to-leading order QCD corrections to W±γ production in association with two jets via
vector boson fusion are calculated, including the leptonic decay of the W with full off-shell effects
and spin correlations. The process lends itself to a test of quartic gauge couplings. The next-to-
leading order corrections reduce the scale uncertainty significantly and show a non-trivial phase
space dependence.
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Di-boson production processes in association with two
jets play an important role at the LHC, not only as a
background to searches for physics beyond the Standard
Model, but also as a means to test the structure of the
electroweak symmetry breaking sector. Within the Stan-
dard Model (SM), there are three distinct production
modes at leading order (LO). The QCD mechanism, i.e.
the radiation of two partons in quark-antiquark annihila-
tion to two vector bosons and crossing related processes,
is of order O(α2sα2) for on-shell production of both
gauge bosons. For these processes, results at NLO QCD
have been reported for W+W−jj [1, 2], W+W+jj [3],
W±Zjj [4], including the leptonic decay of the vector
bosons with all off-shell effects, and γγjj[5] production.
In addition, there is the “vector-boson-fusion” (VBF)
mechanism, which is of order O(α4) at LO for on-shell
production. The basic subprocess for the VBF channel
is vector boson scattering, which means that the VBF
processes are particularly interesting as a probe of elec-
troweak symmetry breaking. For weak boson scattering,
the main focus will be on the scattering of longitudinal
W’s and Z’s and the question, whether the recently dis-
covered Higgs boson does indeed unitarize this process.
However, electroweak boson scattering is also an excellent
source of information on trilinear and quartic gauge cou-
plings, and here, probing the scattering of transversely
polarized gauge bosons is as important as the scattering
of longitudinal modes. When considering transverse po-
larizations, final state photons are just as interesting as
Z-bosons or W’s. Finally, the production of three elec-
troweak gauge bosons, with one off-shell gauge boson de-
caying into a quark-antiquark pair, is a third source of
V V jj events at order O(α4). NLO QCD corrections to
V V V production with leptonic decays are available via
the VBFNLO program [6]. Since the above three produc-
tion modes peak in different regions of phase space, and
because of their largely orthogonal color structures, in-
terference between these modes is generally unimportant
and can be neglected in most applications.
NLO QCD corrections for the VBF processes have
been provided for all combinations of massive di-boson
production in Refs. [7–11]. In this letter, we present
the first theoretical prediction for the VBF production
of W±γjj final states at order O(αsα5). Compared to a
massive gauge boson, which typically is observed in lep-
tonic decays with a small branching fraction of order 3 to
10 %, the production cross section of a final state on-shell
photon is considerably enhanced. In our calculation, the
leptonic decay of the W boson is consistently included,
with all off-shell effects and spin correlations taken into
account. This includes also final state radiation, i.e. the
radiative decay of the W. Radiative W decays provide a
sizable source of ℓνγjj events which diminish the sensi-
tivity of Wγjj production to anomalous couplings. In
this letter, we also study how these contributions can be
reduced safely. In the following, we consider the specific
leptonic final state e±
(—)
νe γ. The final results can be mul-
tiplied by a factor two to take the µ±
(—)
νµ γ channel into
account.
This letter is organized as follows: After this introduc-
tion, we will explain the major points of the implementa-
tion ofW±γjj production into the Monte-Carlo program
VBFNLO [6] and the checks that we performed to assure its
correctness. Then, the setup used for the calculation and
the numerical results for the cross sections will be given.
We will show that calculating the NLO QCD corrections
reduces the scale uncertainty and that these corrections
have a non-trivial phase space dependence. Finally, we
will demonstrate how to suppress the contributions from
radiative W decay.
CALCULATIONAL METHOD
Our calculation of the W±γjj production cross sec-
tion at NLO QCD closely follows the one for W±Zjj
production [9] and other VBF channels implemented
in VBFNLO [6]. We consider only t-channel and u-
channel Feynman diagrams but neglect interference be-
tween them. s-channel contributions, i.e. VWγ pro-
duction with subsequent hadronic decay of the (off-shell)
V are considered a separate process in VBFNLO. Contri-
butions from s-channel diagrams as well as interference
terms between t-, u-, and s-channel contributions are
2W+
Z, γ γ
W+
νe
e+
γ
V
W+
νe
e+
FIG. 1: Representative tree-level Feynman diagrams.
strongly suppressed by the VBF cuts that we apply in
this letter. For the calculation of the LO Feynman dia-
grams, e.g. the ones shown in Fig. 1, the spinor-helicity
formalism of Ref. [12] is used. The electroweak parts
of the diagram are combined to so-called leptonic ten-
sors, which have to be calculated only once per phase
space point. For the calculation of the leptonic tensors,
we use the routines of the HELAS package [13]. The
real emission (RE) contributions comprise q → qg sub-
diagrams, for example the ones that arise if one adds one
gluon at every possible spot to the diagrams in Fig. 1,
as well as the corresponding g → qq¯ diagrams. For the
construction of the RE diagrams, we use the same strat-
egy as for the LO ones. For the virtual amplitudes, we
W γ
(a)
W γ
W
(b)
W
γ
(c)
W
Z, γ γ
W
W
(d)
FIG. 2: Selected Feynman diagrams contributing to the
virtual amplitudes.
do not consider gluon exchange between the two quark
lines. For the square of t-, u- or s-channel diagrams such
contributions vanish due to color conservation. For in-
terference terms, their contributions are also suppressed
by the VBF cuts. Then, the virtual correction diagrams
are obtained by adding a gluon loop over each possible
combination of the internal propagators and the exter-
nal legs of a single quark line of the LO diagrams. The
lower diagram in Fig. 1 gets virtual corrections up to a
pentagon on the upper line as depicted in Fig. 2a. Its
lower line obtains only vertex corrections similarly to the
VBF Feynman diagram in Fig. 2d. In addition, there are
several box diagrams, e.g. the ones presented in Fig. 2b
and Fig. 2c. The box correction in the latter one can
also be on the lower line. All the virtual corrections to
one quark line up to boxes or pentagons were calculated
using the Boxline or Penline routines of Ref. [14], respec-
tively. For the regularization of the infrared divergences,
we use dimensional reduction and the Catani-Seymour
dipole subtraction method [15] to make the virtual and
the real emission contributions numerically integrable in
four dimensions. The subtraction procedure follows the
one in Ref. [16] and, hence, allows us to use an individual
scale for each quark line. We calculate the Born matrix
elements, which are needed for the calculation of the sub-
traction terms for q → qg and q¯ → q¯g splitting, and cache
them, so we can reuse them in the g → qq¯ case. Further-
more, we include anomalous couplings effects, which will
be studied in a forthcoming paper.
For the potentially resonating W± and Z propagators
we use a variant of the complex mass scheme as imple-
mented in MadGraph [17]. We checked our tree level
matrix elements against MadGraph and compared the
cross sections to Sherpa [18]. Applying VBF cuts, we
found complete agreement for the two jet cross sections
but deviations of 1.5% and 4% for W+γjjj andW−γjjj
production respectively. We checked explicitly that these
deviations originate from the neglected s-channel contri-
butions. They contribute at the per mille level to the
total NLO QCD corrections to W±γjj production and,
therefore, can be safely neglected. The final state photon
offers us the possibility to perform gauge tests which are
satisfied by all contributions.
Furthermore, the known [14] analytic expression of the
poles for multiple vector boson emissions (on-shell or off-
shell) along a quark line has been compared numerically
with the coefficients of the 1/ǫ and 1/ǫ2 poles computed
in our process with the Boxline and Penline routines.
One typically finds agreement to 10 to 14 digits, thus,
providing an additional strong check of the correctness
of the implementation. In order to assure the numerical
stability of the calculation of the virtual contributions,
we use Ward identity checks. We set the amplitude to
zero if the Ward identities are satisfied with a precision
worse than ǫ = 0.01. The share of phase space points,
in which the Ward tests fail, is 0.36% for the Penlines
and 1.6 · 10−6% for the Boxlines. Since the total NLO
contributions are at the level of a few per cent, the er-
3ror induced by setting the virtual amplitude to zero for
those points is well below the statistical error, and, thus,
negligible.
We checked the convergence of the dipoles of the
Catani-Seymour subtraction. Moreover, we shifted parts
of the terms proportional to |MB|2 from the five particle
phase space of the virtual corrections to the six particle
phase space of the real emission and found agreement
within the numerical accuracy.
NUMERICAL RESULTS
As EW input parameters, we use MZ = 91.1876GeV,
MW = 80.398GeV and GF = 1.16637 × 10−5GeV−2
and derive the weak-mixing angle using the SM tree-
level relations. All fermions aside from the top quark
are considered to be massless. The width of the Z and
the W bosons are calculated to be ΓZ = 2.508GeV and
ΓW = 2.098GeV respectively. We use the CTEQ6L1
and CT10 parton distribution functions (PDF) [19] at
LO and NLO respectively with αLOs (MZ) = 0.129808 and
αNLOs (MZ) = 0.117982. The numerical results presented
in this letter are calculated in the four-flavor scheme
for the LHC at 14TeV center-of-mass energy. Effects
from generation mixing are neglected [9] since they al-
most completely cancel due to the unitarity of the CKM-
matrix. To reduce the contamination of s-channel con-
tributions, we apply typical VBF cuts. The charged
lepton and photon are required to be hard and cen-
tral: pT,ℓ(γ) ≥ 20(30)GeV and |yℓ(γ)| ≤ 2.5. Final
state partons are clustered to jets using the anti-kt al-
gorithm [20] with the radius R = 0.4. There must be at
least two hard jets with pT,jet ≥ 30GeV and |yjet| ≤ 4.5.
In addition, we impose a requirement on the lepton-jet
and photon-jet separation in the azimuthal angle-rapidity
plane ∆Rℓ,j ≥ 0.4 and ∆Rγ,j ≥ 0.7, where only jets
passing the above cuts are considered. Furthermore,
we use the photon isolation criterion a` la Frixione [21]
with a cone radius of δ0 = 0.7, efficiency ǫ = 1 and
exponent n = 1. The VBF cuts, which we apply, are
|yj1 − yj2 | > 4, yj1 × yj2 < 0 and mj1 j2 > 600GeV. As
the central value for the factorization and renormaliza-
tion scales, we choose µFi = µRi = µ0 = Qi, where
Qi is the absolute value of the momentum transferred
from quark line i to the EW process. With this setup,
we obtain σLO = 7.828 ± 0.005 fb (4.486 ± 0.003 fb)
and σNLO = 7.910 ± 0.007 fb (4.588 ± 0.005 fb) for
W+γjj (W−γjj) production, with the W decaying into
the first generation of leptons. The K-factor, defined as
K ≡ σNLO/σLO, is 1.013 (1.021).
Since we calculate only a fixed order in perturbative
QCD, our results depend on two unphysical scales, the
factorization scale µFi and the renormalization scale µRi.
The scale variation plot in Fig. 3 shows that the scale de-
pendence of both processes can be significantly reduced
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FIG. 3: Scale dependence of the LO and NLO cross
sections at the LHC. The lower and upper curves stand
for pp→ e−ν¯eγjj +X and pp→ e+νeγjj +X
production, respectively, at a c.m. energy of 14 TeV.
by calculating the NLO QCD corrections.
In the following, distributions for the W+γjj produc-
tion channel will be presented. Fig. 4 shows the differ-
ential LO and NLO cross sections over the transverse
momentum of the hardest jet (upper plot) and the pho-
ton (lower plot) as well as the differential and the total
K factors. To give a measure for the scale uncertainty,
we also plot the results for µFi = µRi = µ0i = 2
±1Qi
(dashed lines). In the pT,j1 and the pT,γ distributions,
the relative scale uncertainty is approximately constant
over the whole range examined. In both cases, it can
be significantly reduced by calculating the NLO QCD
results. While the differential K-factor in the pT,γ dis-
tribution is stable over the whole range examined, in the
pT,j1 distribution it decreases continuously over the whole
range.
In processes with at least one lepton and one pho-
ton in the final state, the photon can be radiated off
the lepton. This radiative W decay represents a sim-
ple QED process, which diminishes the sensitivity to
anomalous couplings in our case. In order to suppress
radiative W decay, we follow Ref. [22] and define the
transverse cluster mass of the Wγ system as mT,Wγ =([
(m2lγ + p
2
Tlγ
)
1
2 + 6pT
]2
− (p
T lγ + 6pT )2
) 1
2
. The upper
panel in Fig. 5 shows the corresponding distribution. By
imposing the cut mT,Wγ > 90GeV, the radiative decay
peak at mT,Wγ = mW can be removed. This cut re-
duces the final state radiation contributions significantly
and affects mainly the region of small Rlγ (lower panel).
Additionally, the NLO cross section is only reduced by
approximately 10%, which shows the efficiency of the cut.
In this letter, we have presented the first calculation of
W±γjj +X production in VBF at order O(αsα5). The
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FIG. 4: Differential cross sections and K-factors for the
transverse momentum of the hardest jet (top) and the
photon (bottom). The dashed lines indicate the results
for µFi = µRi = µ0i = 2
±1Qi.
factorization and scale uncertainties at NLO are signifi-
cantly reduced and one finds K-factors close to one. We
plan to make the code publicly available as part of the
VBFNLO program [6].
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